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Study on the Laser Cleaving Mechanism of Brittle Materials  
Abstract 
This paper describes the investigation of the laser cleaving mechanism of brittle materials such as silicon wafer 
using experimental and computational methods. The applied laser energy produces a thermal stress that causes 
the wafer to split along the irradiation path. The wafer separation is similar to crack extension. In this study, the 
use of micro-groove was introduced, and the influences of groove length and depth were also examined. The 
temperature of the laser spot was measured using a two-colour pyrometer, while the fracture occurrences were 
observed by monitoring the acoustic emission signal. The relationships amongst laser power, temperature, 
fracture initiation, crack propagation, cleaved surface features and groove parameters are obtained from the 
experimental analysis. In order to understand the stress condition during laser irradiation, thermal stress 
distribution was analysed using the computational finite element method (FEM). The results indicate that the 
wafer separation occurred in two stages, fracture initiation and intermittent crack propagation. A higher 
temperature resulted in faster fracture initiation and higher repetition of the crack propagation signal. The wave 
mark on the cleaved surface was consistent with the AE signal. By using FEM, stress condition has been 
quantitatively determined by identifying the stress intensity factor KI. Fracture toughness KIC of the material has 
been determined experimentally using the Vickers indentation technique.    
1. Introduction 
Laser cleaving is a process used for separating a 
brittle material by irradiating a laser beam on a 
small area of the substrate. In this technique, the 
applied laser energy produces a thermal stress that 
causes the material to separate along the moving 
path of the laser beam. The material separation is 
similar to a crack extension, and the fracture 
growth is controllable. The material separation 
process is similar to crack extension. This process 
is preferred over the conventional mechanical 
dicing process due to its non-contact cutting 
process. The process does not need a coolant and 
the production of chips is eliminated. Furthermore, 
this method is capable of producing an excellent 
surface finish. 
The first application of the laser in separating 
brittle materials such as alumina ceramic and glass 
was proposed by Lumley using a controlled 
fracture technique [1]. This procedure uses less 
laser power and enables high cutting speeds 
compared to conventional laser cutting methods. 
Later, the use of two lasers was developed to 
separate the glass [2]. The first laser beam was used 
to create a shallow groove via heating and 
vaporizing procedures. The second laser beam 
generated thermal stress at the groove tip to 
separate the material. The fracture mechanism of 
alumina material by laser cleaving was investigated 
using a single laser [3]. A shallow groove was 
created by using an evaporative procedure, and heat 
produced by the laser beam generated a time-
dependent thermal stress along the moving path. 
Several studies have been performed on the 
thermal cleaving process of a silicon wafer. It was 
found  that  the  temperature  of  the area  irradiated  
 
with a pulsed laser is an important factor in 
controlling the propagation of the crack and in 
achieving high cleaving accuracy with little thermal 
damage [4]. Therefore, a cleaving process with a 
pulsed laser and the use of refrigerating chuck for 
cleaving with a continuous wave (CW) laser are 
recommended to reduce thermal damage during the 
cleaving processes [5]. Additionally, separation of 
silicon wafer material in the same direction as the 
wafer cleavage plane can be achieved by lower 
laser energy, further improving the cleaving surface 
[6]. 
The investigations on the laser cleaving of a 
silicon wafer were previously performed with the 
used of the initial crack that was prepared using 
Vickers indenter impressions. However, the 
impression creates damage in the indentation area 
and a lateral crack in the direction perpendicular to 
the cleaving path. Therefore, in this study, the use 
of a micro-groove to facilitate the fracture initiation 
during laser cleaving process is introduced. The 
unnecessary crack and damage were eliminated 
during the initial crack preparation, subsequently 
improving the quality of the material specimen. In 
previous research, the studies were concentrated on 
the laser cleaving performances, the thermal 
damages and the influences of crystal orientation of 
the material. However, a limited study on the 
processing mechanism in laser cleaving of brittle 
materials such as silicon has also been reported.  
In this paper, the laser cleaving mechanism of a 
silicon wafer using a moving laser beam is 
investigated experimentally and computationally. 
The micro-groove was prepared at the leading edge 
of the silicon wafer to facilitate the fracture. The 
influence of the groove parameters, such as groove 
length and depth, is also studied. The temperature 
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of the laser spot was measured using a two-color 
pyrometer, while the fracture occurrences were 
observed by monitoring the acoustic emission 
signal. The cleaved surface was observed using 
scanning electron microscope (SEM). Therefore, 
the relationships between laser power, temperature, 
fracture initiation, crack propagation, cleaved 
surface features and groove parameters are 
described. In order to explain the thermal stress 
distribution during laser irradiation, the finite-
element method (FEM) software, ANSYS, is 
applied. 
 
2. Experimental Methodology 
 
2.1 Silicon wafer specimen 
The specimen used in the experiments was a 
silicon wafer of <100> crystal orientation and a 
thickness of 0.5 mm. The schematic illustration of 
the silicon wafer specimen with a size of 20 mm x 
10 mm x 0.5 mm is shown in Fig. 1. The micro-
groove was created at the edge of the silicon wafer 
by focusing the pulsed laser beam through the 
micro-lens. A second harmonic generation (SHG) 
Nd:YAG laser with a wavelength of 532 nm, 
frequency of 10 Hz and pulse width of 5 nsec was 
used in the specimen preparation. The laser energy 
was focused into the specimen resulting in material 
heating and evaporating, thus forming the groove. 
By using this technique, the groove size can be 
controlled, and the area of damage was very small.  
The depth of the groove was adjusted by 
varying the laser pulse number while the groove 
length was controlled by focusing the laser beam 
only on the required exposed area. Fig. 2 shows the 
relationship between the groove depth and laser 
pulse number. The images of the pre-prepared 
micro-groove are shown in Fig. 3. 
 
2.2 Experimental procedure 
In this experiment, the temperature of the laser 
spot was measured using a two-color pyrometer 
with optical fiber that was developed by Ueda et al. 
[7], while the AE signals were measured using the 
AE sensor to observe the crack propagation during 
the laser irradiation process. The experimental 






The continuous wave Nd:YAG laser with the 
wavelength of 1.06 µm was used as a heat source. 
The laser beam spot of 0.25 mm x 0.19 mm (oval 
shape) was defocused on the wafer’s surface.  
A chalcogenide optical fiber was set at a 
distance of 3 mm from the laser spot and an angle 
of 45° from the optical axis. The infrared energy 
radiated from the object was captured by a 
chalcogenide optical fiber and transmitted to a two-
color pyrometer consisting of InSb and MCT 
detectors. The infrared energy was converted to an 
amplified electric signal. By calculating the ratio of 
output voltages from these two detectors, the 
temperature of an object was obtained using the 
calibration curve as shown in Fig. 5. An AE sensor 
was fixed on the wafer’s surface at a distance of 5 
mm from the micro-groove.  
The output voltages from the pyrometer 
detectors and AE sensor were recorded in a digital 
oscilloscope. The laser power used for this 
experiment varied between 50 W and 70 W while 
the groove length and the depth were maintained at 
500 µm and 80 µm accordingly. The scan speed 
was set at 2 mm/s. The separating surface was 
analysed using a scanning electron microscope 
(SEM). A summary of the experimental conditions 
is shown in Table 1.  
 
3. Experimental Result and Discussion 
 
3.1 Temperature measurement 
Typical temperature profiles of the laser 
irradiation and AE signal are shown in Fig. 6. The 
temperature history of the laser spot along the 
irradiation path is shown in Fig. 6(a). It was found 
that higher temperature of the laser spot resulted in 
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Fig. 2 Relation between laser pulse number and 
groove depth 
Fig. 1 Schematic illustration of the specimen 
with micro-groove Fig. 3 Images of micro-groove with dimensions   







































The maximum temperature of 385°C was 
recorded at approximately t=0.27 s. The 
temperature at the middle of the specimen was 
approximately 205°C, while the temperature of the 
laser spot rose to 340°C at approximately t=4.73 s. 
The results indicated that the laser spot was 
maintained at a constant lower temperature at the 
centre of the laser path. Silicon wafer has a high 
thermal conductivity of 156 W/m.K [5,8]. Hence, 
the energy produced by laser irradiation was 
circumferentially diffused efficiently when the 
laser beam was at the central area of the wafer. 
The variation of maximum temperatures at the 
leading edge and the trailing edge, and the average 
temperature at the center of the specimen with the 
laser power are shown in Fig. 7. The temperature at 
all three positions increased with the increase of 
laser power. From the results, it is clear that the 
temperature of the moving laser spot was 
dependent on the energy supplied by the laser beam. 
High laser power resulted in an increase of 
temperature. 
 
3.2 Acoustic emission (AE) signal  
The signal from the AE sensor during laser 
beam irradiation is displayed in Fig. 6(b). Signals 
from the AE sensor demonstrated that the crack 
occurrences appeared in two stages, namely 
fracture initiation and intermittent crack 
propagation. AE signals were produced when a 
rapid release of energy from localized sources 
within the material occurred. Energy release 
occurred as a result of crack extension due to the 
thermal stress generated by the laser beam. The 
first signal of the AE wave showed that the fracture 
initiation occurred with larger signal size. 
Subsequently, a smaller series of AE signals 
indicated that crack propagation occurred 
intermittently.  
The AE signal results show that higher energy 
is required for the fracture initiation in contrast to 
crack propagation. The pre-prepared micro-groove 
was produced with the blunt groove tip. After the 
first fracture had occurred, a sharp crack tip 
produced. Greater stress concentration developed at 
the sharper crack tip in contrast to the blunt groove. 
Therefore, larger energy was required to increase 
the local stress at the blunt groove to reach the 
fracture strength of the material.  
 
3.2.1 Fracture initiation 
Fig. 8 shows the influence of laser power on the 
fracture initiation time. The time taken for fracture 
initiation to occur has been measured as indicated 
in Fig. 6(b). It was found that the fracture initiation 
time decreases with the increase in laser power. For 
instance, the average fracture initiation times with 
the laser power of 50 W and 70 W were attained at 







































Laser Nd :YAG laser
Laser  mode Continuous wave
Wavelength, l 1.064 [µm] 
Laser power, P 50 ~70 [W]
Beam size,  D1 x D2 0.25 x 0.19 [mm]
Moving speed, v 2 [mm/s]
Specimen Silicon wafer
Crystal orientation <100>
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Laser power P=70 W





-1 0 1 2 3 4 5 6
Time, s














propagation signalFracture initiation time
Fig. 4 Schematic illustration of experimental arrangement 
Fig. 5 Calibration curve 
Table 1 Experimental condition 
Fig. 6 Temperature history and AE signals 
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The stress force was generated more at higher laser 
power. Therefore, earlier fracture initiation was 
achieved with higher laser power. 
 
3.2.2 Intermittent crack propagation 
Fig. 9 shows the typical output signals from an 
AE sensor measured at the middle of the laser path. 
The result showed that a repetitive AE signal 
appeared with a starting and stopping phenomena 
at regular intervals. This occurrence revealed that 
the crack was extended and frequently relaxed at a 
perpetual distance. The variation of laser power 
with the AE signal interval is shown in Fig. 10. The 
signal intervals were found to be constant and 
comparable to the laser power. The increase of 
laser power produced shorter intervals between the 
crack propagation signals. For instance, the interval 
of signals found with a laser power of P=50 W was 
about 16.2 ms or 32.4 µm in distance while the 
signal interval for P=70 W was about 10.5 ms or 21 
µm in distance. The crack in the material grew with 
the relaxation of local stress. The crack will 
develop again when sufficient stress is attained. 
The stress recovery rate increases with the increase 
of laser power. Therefore, crack signals appeared 
rapidly. 
 
3.3 Cleaving surface observation 
 
3.3.1 Cleaving surface at the starting section 
Fig. 11 shows the SEM images of the separated 
surface as observed at the starting area of the 








A smooth and flat surface was produced with a 
width of a few micrometres from the wafer’s edge 
followed by a periodic wave marking. This surface 
was produced due to the initial fracture occurrence 
at the beginning of the laser irradiation. It was 
found that the extent of the smooth surface 
decreased in length with the increase of laser power. 
The distances of the smooth surfaces were obtained 
as approximately 420 µm at a laser power of 70 W, 
in comparison with 295 µm and 185 µm for the 
laser power of 60 W and 50 W, respectively. The 
variation of the extent of the smooth surface with 
the laser power is summarized in Fig. 12.  
 
3.3.2 Cleaving surface at the center section 
Fig. 13 shows the SEM images of the cleaving 
pattern marked on the center section of the cleaving 
surface. It is shown that constant intervals were 
developed between the cleaving marks. The 
distance between the marks decreased with the 
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Groove length = ~500  µm 
Groove depth = 80 µm 
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Groove length = ~500 µm 
Groove depth = 80 µm 







































Groove length = ~500 µm 
Groove depth = 80 µm 
v = 2 mm/s
Fig. 7 Influence of laser power on temperature 
Fig. 8 Fracture initiation time and laser power 
Fig. 9 Intermittent crack propagation signal 
Fig. 10 AE signal interval 
Fig. 11 SEM images at the starting section  
Fig. 12 Smooth surface extent and laser power 
5 
 
The variation of the mark interval and the laser 
power is given in Fig. 14. The wave marks were 
developed due to crack advancement occurrences 
during the intermittent crack propagation 
phenomena. The interval between the marks was 
approximately 32 µm with the laser power of 50 W, 
in comparison with 27 µm and 22 µm for 60 W and 
70 W, respectively. The obtained intervals were 
comparable to the AE signal reported in Fig. 10. 
The increase of laser power caused higher 
repetition of the cleaving mark. 
 
3.4 The influences of groove length and depth 
The variation of fracture initiation time with 
groove length and depth are shown in Fig. 15. It 
was found that the time for fracture initiation was 
decreased by enlarging the groove length. For 
instance, the average fracture initiation times 
obtained with groove lengths of 100 µm and 500 
µm are about 450 ms and 270 ms, respectively. 
Fracture initiation time was also found to be faster 
for deeper groove depth. The average fracture 
initiation time with a groove depth of 50 µm was 
approximately 340 ms compared to 270 ms with a 
groove depth of 130 µm. It is apparent that the 
groove has become the point of weakness in the 
material. Local stress at the groove tip could rise to 
several times that of the applied stress, and the 












4. Finite-element analysis 
Finite-element software, ANSYS, was used to 
analyse the thermal stress during laser irradiation 
by considering the finite boundary effect. The 
analysis involved two sequential analyses, namely 
transient thermal analysis and static structural 
analysis. Transient thermal analysis was performed 
by considering the temperature gained from the 
experimental results.  
As the temperature and the thermal stress 
distribution around the laser spot diverged along 
the thickness direction of the substrate, the finite-
element model was considered as a three-
dimensional problem. A silicon wafer specimen 
with the size of 20 mm x 10 mm x 0.5 mm was 
used in this study. A micro-groove was modelled at 
the leading edge of the specimen. The half of the 
specimen with a coordinate system is illustrated in 
Fig. 16. 
 
4.1 Analysis conditions 
The following basic assumptions for the 
thermo-mechanical analysis were considered. The 
material properties such as the heat transfer 
properties and mechanical properties are assumed 
to be constant as the temperature range was small. 
The stress-strain relationship of the Si-wafer is 
assumed to be perfectly elastic. The surface of x-z 
plane (y=0) is considered to be in adiabatic 
condition and convection is assumed to exist on all 
other boundaries. The energy absorption 
characteristic of the Si-wafer is represented by 




           (1) 
 
where T is spectral transmittance (T=23 % as 
measured experimentally), β is the absorption 
coefficient and x is the thickness of the wafer. The 
boundary condition of the structural stress analysis 
was traction-free on all surfaces, and the x-z surface 
was set as a fixed plane which has zero 
displacements in the y-direction. During the laser 
irradiation, a laser beam was focused on the wafer 
surface. The laser beam was moving in the x-
direction at a constant speed of v=2 mm/s. The 
initial temperature of the Si-wafer substrate and the 
surrounding temperature were set to 20 °C. Table 2 
summarizes the analytical condition and properties 
of the Si-wafer.  
 
(b) P=60 W(a) P=70 W (c) P=50 W




















Groove length = ~500 µm 
Groove depth = 80 µm 




















Laser power P=70 W
Groove length =500 µm






















Laser power P=70 W
Groove depth = 80 µm














length 0.5 mm80 µm 
depth
width  =8 µm
Fig. 13 SEM images at the center section 
Fig. 14 Cleaving mark’s interval and laser power 
Fig. 15 Comparison of fracture initiation time between 
experiment and FEM results   
(a) Groove length                   (b) Groove depth  








4.1.2 Temperature and thermal stress distribution. 
The temperature distributions were calculated at 
various points in time. Fig. 17 shows the 
temperature distribution at the times of 0 s, 0.275 s 
and 0.495 s. The temperature was measured on the 
surface of the material along the x-axis (y=0, z=0). 
The calculated temperature results were consistent 
with the temperature from the experimental 
outcome. Thermal stress σyy distribution along the 
x-z plane (z=-80 µm) at the time of 0 s, 0.055 s, 
0.165 s, 0.275 s, 0.385 s and 0.495 s are shown in 
Fig. 18. 
The stress at the micro-groove tip (x=0, z=-80 
µm) transformed from a compression to a tensile 
stress in a short time when the laser beam moved 
forward in the x-axis direction. This tensile stress 
σyy may induce a fracture when the stress intensity 
factor value reaches the fracture toughness of the 
material. The fracture is initiated towards the 




4.2 Stress intensity factor 
Stress intensity factor, K1 is used to estimate the 
stress condition in the area of the micro-groove 
caused by thermal stress induced via laser energy. 
Irwin found that the stress field σ(r,θ) at the 
vicinity of a groove tip could be described 
mathematically as Eq. 2 [9]. In considering that 
initial fracture occurs according to the crack 























          (2) 
 
rK yy  21            (3) 
 
where the σyy is the magnitude of local stress at 
distance r from the groove tip, and σyy is measured 
at constant r=20 µm. During laser irradiation, 
tensile stress accumulated at the edge of the silicon 
wafer and concentrated at the position of x=0, z=-
80 μm. Initial fracture occurs in –z direction due to 
the existence of the tensile stress gradient. Fig. 19 
shows the thermal stress distribution σyy on x-z 
plane at the time t=0.275 s. The figure on the left 
displays the σyy along the –z direction (x=0). The 
variation of thermal stress, σyy distribution in time, 
is shown in Fig. 20.  
Fig. 21 and Fig. 22 illustrate the relationship 
between K1 and time for different groove lengths 
and groove depths. It was found that K1 increases 
relatively in time until reaching its maximum at 









Work piece size 20x10x0.5 [mm]
Laser beam size 0.25 x 0.19 [mm]
Heat transfer coefficient 8 [Wm-2K-1]
Initial temperature 20 [oC]
Laser beam scan speed 2 [mm/s]
Laser power 70 [W]
Silicon properties unit
Thermal conductivity 156 [W/m.K]
Specific heat 713 [J/kg.K]
Density 2329 [kg/m3]
Thermal expansion coef. 2.62 x10-6 [K-1]























Laser power P=70 W
Groove depth = 80 µm
Groove length = 500 µm































Distance to the wafer edge x, mm
0 s 0.055 s
0.165 s 0.275 s
0.385 s 0.495 s
Time
Laser power P=70 W
Groove depth = 80 µm
Groove length = 500 µm
Laser scan speed v= 2 mm/s
MPa
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Table 2 Analysis conditions & properties of silicon wafer 
Fig.18 Thermal stress σyy distribution at various times 
Fig. 17 Temperature distribution 
Fig. 19 Thermal stress σyy distribution on x-z plane at 
t= 0.275 s 
Fig. 20 Variation of thermal stress σyy in time 
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When the fracture toughness KIC is achieved, 
the fracture will be initiated. The result shows that 
the groove parameters have significant influences 
on the fracture initiation time. Fracture initiation 
time is shortened with the increase of groove size. 
However, the minimum groove size for the 
achievement of fracture initiation is found to be 
100 μm and 20 μm for groove length and depth, 
respectively. 
The variations of fracture initiation time with 
groove length and depth are shown in Fig. 15(a) 
and Fig. 15 (b), respectively. It was found that the 
initiation time decreased with increases in groove 
length and groove depth. The results were 
consistent with the experimental results which 
showed a similar trend between groove size and 
fracture initiation time. However, fracture initiation 
was reached faster in the FEM results in contrast to 
the results of the experiments. This was because 
during the FEM analyses the ideal conditions were 
considered, such as ideal boundary conditions, 
constant material properties and perfect micro-
groove model. However, the relationship between 
fracture initiation and groove parameters was 
clearly evidenced by experimental and FEM 
results.  
 
5. Determination of fracture toughness, KIC 
 
The fracture toughness describes the ease with 
which a fracture or defect is propagated in a 
material. In this study, fracture toughness KIC of the 
silicon wafer is estimated using the Vickers 







The procedure is a simple and cost-effective 
experiment that relies on the evaluation of the 
impression left by the indenter on the material. 
Small surface cracks with controlled size and shape 
are created by the Vickers indenter. The relation 
between KIC and the Vickers impression is 
described as in Eq. 4 [10], where hardness (Hv) is 
expressed as in Eq. 5. 
 
             (4) 
 
 
             (5) 
 
where KIC is fracture toughness [MPa.m
0.5
], HV is 
Vickers hardness [GPa], a is the half-diameter of 
the sample’s indentation section [m], c is crack 
length [m] and P is indentation load [kgf]. The 
experiment was done according to ASTM C1327-
08. Indentation was performed using a micro 
Vickers hardness testing machine, Akashi HM-101, 
and the measurement was done using scanning 
electron microscopy (SEM). Fig. 23 shows an 
optical micrograph of a 0.3 kgf Vickers indentation 
in P-type Si-wafer (100) indicating the contact 
features. Fig. 24 shows the average results of Hv 














6. Separating mechanism of silicon wafer 
 
Based on the experimental and computational 
analysis results, the mechanism for separating a 
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Fig. 21 Stress intensity factor, (KI) for various 
groove depths 
Fig. 22 Stress intensity factor, (KI) for various 
groove lengths 
Fig. 24 Hardness, Hv and fracture toughness, KIC  
(a) Hardness, Hv                        (b) Fracture toughness, KIC 
Fig. 23 Optical micrograph of a Vickers indentation 
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thermal stress cleaving process can be clearly 
understood. Fig. 25 illustrates the separating 
mechanism of the silicon wafer with a pre-prepared 
micro-groove by utilizing the moving laser beam. 
The cleaving process can be divided into two 
stages, namely fracture initiation and intermittent 
crack propagation.  
As shown in Fig. 25(a), when the laser reaches 
the edge of the wafer, the fracture does not yet 
occur because the laser beam induces the heat at 
the laser spot area. Hence, a compressive stress is 
generated at this point. After the laser beam moves 
further, the compressive stress transforms into 
tensile stress. The tensile stress concentrated at the 
groove tip, and it increases with the rise in 
temperature at the laser spot and the distance 
relative to the leading edge of the wafer. When the 
intense stress at the groove tip reached the material 
fracture strength, a fracture initiated through the 
material thickness and extended towards the laser 
spot in a very short time. As illustrated in Fig. 
25(b), the fracture stopped before the laser beam 
spot and created a new crack tip. Continuous heat 
supplied by the laser beam caused the tensile stress 
to increase on the newly created crack tip, and the 
crack propagated and stopped again before the laser 
spot. As shown in Fig. 25(c), the cleaving mark 
was produced as the crack stopped. This process 
was replicated again and again until the laser beam 
reached the end of the wafer.  
It is demonstrated that fracture initiation and the 
occurrence of intermittent crack propagation are 
influenced by the heat supplied from the laser beam 
during the irradiation process. An increase in laser 
power improved the fracture initiation time and 
increased crack propagation recurrence. However, 
the laser power should be controlled to avoid any 




The characteristics of separating a silicon wafer 
with a moving Nd: YAG laser when using the 
thermal stress cleaving technique were successfully 
monitored and analysed by the utilization of a two-
color pyrometer and AE sensor. The finite-element 
(FEM) analysis results explained the stress 
distribution during laser irradiation. Based on the 
results gained, the mechanism of the thermal stress 
cleaving of a silicon wafer with a laser beam was 
explained.  
The separating process of the silicon wafer 
occurred in two stages. The first stage is the 
fracture initiation, where the fracture occurs due to 
tensile stress concentrated at the groove tip on the 
edge of the specimen. The second is intermittent 
crack propagation, which occurs at constant 
intervals in time. Fracture initiation and crack 
propagation occurrences produced the cleaving 
mark waves on the separating surface. The cleaving 
mark wave was consistent with the AE signals.  
By using FEM, the stress condition has been 
determined quantitatively by identifying the stress 
intensity factor KI. Fracture toughness KIC of the 
material has been determined experimentally using 
the Vickers indentation technique. In thermal stress 
cleaving, a pre-prepared micro-groove is important 
to control the onset of fracture. The size has 
significant influence on the fracture initiation time. 
Therefore, by estimating the stress intensity factor 
at the groove, the minimum effective dimensions of 
































(a) Laser irradiation start 
(b) Fracture initiation  
(c) Intermittent crack propagation 
Fig. 25 Thermal stress cleaving mechanism of 
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